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X-ray-scattering study of copper magnetism in nonsuperconducting PrBa2Cu3O6.92
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X-ray magnetic scattering from ordered Cu spins has been observed in a high-Tc compound. The measure-
ments were made on the anomalous cuprate PrBa2Cu3O6.92 with x-ray photon energies tuned in the vicinity of
the CuK edge. The high wave-vector resolution enabled us to observe an incommensurate double-Q Cu spin
structure belowTPr519 K that forms as a result of coupling between the magnetically ordered Cu and Pr
sublattices. AboveTPr, the Cu ordering is commensurate, ruling out static spin-charge stripe order as an
explanation for the absence of superconductivity in this material.
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Magnetism in Cu-containing compounds has been int
sively studied following the discovery of high-Tc supercon-
ductivity in the layered cuprates. Many interesting and no
phenomena involving Cu magnetism have subsequently b
observed in other low dimensional architectures. Examp
are quasi-one-dimensional spin chains, e.g., KCuF3 ~Ref. 1!
and Sr2CuO3,2 spin Peierls systems, e.g., CuGeO3,3 and
spin-ladder compounds, e.g., Srn21Cun11O2n .4 The exis-
tence of unusual ground states in these systems is due t
low-spin state (S5 1

2 ) of the Cu21 ion which leads to strong
quantum fluctuations.

Until now, neutron scattering has been the only techniq
available for studying the Cu spin structures in these mat
als. While this technique has important strengths, includ
the ability to study both static and dynamic fluctuatio
quantitatively, it also has limitations. For example, the ne
tron scatters from all magnetic moments in the syste
which can lead to ambiguities when there are two or m
magnetic species present, and large volume samples ar
ten required.

X-ray magnetic scattering is in many respects comp
mentary to neutron scattering, and is becoming an incre
PRB 610163-1829/2000/61~2!/1251~5!/$15.00
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ingly important probe of magnetism. Particular strengths
the technique include,~i! element specificity, allowing mul-
tiple magnetic sublattices to be studied in a mod
independent manner,~ii ! high reciprocal space resolution
and~iii ! the ability to study very small volume samples. Th
last of these is particularly useful in the study of new ma
rials, for which high-quality samples are often small. In a
dition, the relatively poor energy resolution means that
elastic fluctuations are integrated, ensuring that
quasielastic approximation is valid even in materials such
the high-Tc superconductors which have large ener
scales.5

The ability to use x-ray magnetic scattering to exam
novel cuprates would therefore be very valuable. To da
however, there have been no x-ray studies of Cu magnet
This is in part because theL andM edges, which give large
resonant enhancements in the x-ray magnetic scattering c
section and which have been utilized to such advantag
the study of magnetism in rare earths and actinides,6–8 fall
below ;1 keV for transition metal compounds. Moreove
the nonresonant scattering, i.e., that far from an absorp
edge, is weak.
1251 ©2000 The American Physical Society
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By utilizing a small resonant enhancement at theK
edge9,10 we have now succeeded in observing Cu-site m
netic order, in the anomalous cuprate PrBa2Cu3O61x . Mag-
netic peaks on the order of 10 counts s21 were observed. The
results provide new insights into the magnetism
PrBa2Cu3O61x , and open up a new and potentially impo
tant window on cuprate magnetism.

PrBa2Cu3O61x has attracted attention as the nonsuperc
ducting member of the (R)Ba2Cu3O61x series, whereR
5Y or trivalent rare earth.11 Recent interest has centered
the magnetism about which are a number of outstand
questions that can only be addressed by a high resolu
element specific probe. These arise from the fact that it c
tains two magnetic sublattices, and from recent x-ray sca
ing work which revealed the presence of an incommensu
modulation on the Pr sublattice.12 This unusual ordering is
important because of the insight it provides into the nature
this anomalous compound in relation to other members
the series. Specifically, PrBa2Cu3O61x is antiferromagnetic
and nonsuperconducting for allx, with the copper spins or
dering atTN(x)5250–350 K.13–15 Further, the Pr moment
order at very high temperatures (TPr510–19 K, depending
on x) relative to the other members, for whichTR50 –2 K.
These features, together with theoretical models for the s
pression of superconductivity based on hybridizat
schemes,16,17 have provoked a great deal of work on th
magnetic ground states of this system.

The recently discovered incommensurate magnetism
the Pr sublattice raises new questions. The modulatio
static, with a wave vector (0.56d,0.5,0) or (0.5,0.56d,0),
d50.006– 0.008 r.l.u.,12,18 and is thus reminiscent of thos
seen in ‘‘214’’ superconductors, such a
La1.62xNd0.4SrxCuO4. In the 214 materials, these modul
tions have been associated with the suppression of supe
ductivity through the presence of stripe correlations,19–21

which raises the interesting possibility that, despite fun
mental differences between the two systems, the s
mechanism may be active in PrBa2Cu3O61x

12. A crucial
question in such a scenario is whether the Cu site magne
is also incommensurate. This question can only be answ
definitively by the x-ray-scattering technique.

The high-resolution measurements reported here dem
strate that the Cu spins in fact form a commensurate ant
romagnetic structure betweenTN5275 K andTPr519 K, but
that belowTPr a complex 2-Q magnetic structure appears o
the Cu sublattice, with the same incommensurate modula
as the Pr sublattice. These results confirm that a strong
pling between the Pr and Cu sublattices exists,15 and imply
that the suppression of superconductivity in PrBa2Cu3O61x
does not arise from the stripe correlation mechanism.

The present work was begun on the wiggler source, X
at the National Synchrotron Light Source, with the bulk
the data being taken on the undulator source, ID20 at
European Synchrotron Radiation Facility. This latter bea
line is comprised of a double bounce Si~111! monochro-
mator and two mirrors to provide focusing and harmo
rejection. A flux of 431012 photons s21 was delivered in a
0.330.3 mm spot with an energy resolution of 1.2 eV at
keV.22 The samples used were the same as those of Ref
with oxygen content x50.92. They consist of smal
(2 –4 mm2 by 0.1 mm! platelets with ac-axis surface nor-
-

f

-

g
n,

n-
r-
te

f
f

p-

n
is

on-

-
e

m
ed

n-
r-

n
u-

5
f
e
-

2,

mal, and mosaic spreads of'0.05° @full width at half maxi-
mum ~FWHM!#. They were mounted such that peaks of t
form (h,h,l ) were in the diffraction plane, though scan
could be performed in arbitrary directions through su
peaks.

In order to observe the x-ray magnetic scattering from
Cu spin system, we followed the approach taken in rec
work on NiO ~Ref. 10! and searched for a resonant enhan
ment in the scattering in the vicinity of the CuK edge. At
T520 K ~i.e., aboveTPr) a scan through the~0.5,0.5,9! an-
tiferromagnetic zone center revealed a single resoluti
limited peak of about 6 counts s21 ~inset to Fig. 1!. The
intensity of this reflection as the incident energy was tun
through the CuK edge is shown in Fig. 1. A small resona
enhancement of a factor of'2 –3 is observed at 8976 eV
about 17 eV below the peak in the fluorescence. This
hancement, and the position of the resonance relative to
peak of the fluorescence, are both similar to that observe
NiO and are consistent with magnetic scattering arising fr
a quadrupolar (1s↔3d) resonance. Note that the scatter
intensity away from the resonance is nonzero, and thus
believe we have also observed nonresonant magnetic sca
ing from the Cu.23 The asymmetry in the resonance lin
shape, apparent in Fig. 1, is then attributed to the interfere
between the nonresonant and resonant scattering. Thu
data of Fig. 1 are strongly suggestive of the observation
x-ray magnetic scattering from a commensurate Cu sub
tice.

There are, however, a number of other potential scatte
mechanisms, which must be ruled out as the origin of
~0.5,0.5,9! scattering. One important test is to determine t
intensity variation withl, the component of the scatterin
vector along thec axis. Scattering from the Cu spins on th
CuO2 layers should show a sinusoidal variation withl, aris-
ing from the presence of two CuO2 layers~i.e., a bilayer! in

FIG. 1. Intensity of the~0.5,0.5,9! antiferromagnetic Bragg pea
as a function of incident photon energy~closed circles!. Open
circles: Cu fluorescence. Inset:h scan through the~0.5,0.5,9! anti-
ferromagnetic Bragg point measured at the peak of the resona
All data were taken atT520 K.
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each unit cell. For an antiferromagnetically coupled bilay
the intensity should vary as sin2(pzl) wherez is the fractional
interplanar separation.

To test this dependence we measured the intensity of
(0.5,0.5,l ) Bragg peaks for a number ofl values with the
incident energy set to 8976 eV. The results of these meas
ments are shown in Fig. 2, along with the function sin2(pzl),
with z50.3.11 Clearly, the observed scattering has the req
site behavior.

In addition, while in general complex,24 the polarization
dependence of x-ray magnetic scattering at a quadru
resonance contains contributions which should rotate the
early polarized component of the photon by 90°. We ha
performed polarization analysis of the observed scatter
utilizing a LiF crystal as a polarization analyzer (uBragg
543.3°). While the mosaic of this crystal was compromis
preventing quantitative polarization analysis, the results w
consistent with a significant rotated component to the s
tering. We conclude that the observed scattering
(0.5,0.5,l ) is magnetic scattering from the Cu sublattice.

We now discuss the behavior of the Cu site magnetism
temperatures above and belowTPr. The peak shown in the
inset to Fig. 1 is commensurate and resolution limited, wh
puts a lower bound on the correlation length ofj
51/HWHM.750 Å.25 The temperature dependence of th
peak, as measured on resonance, is shown in Fig. 3.
intensity is proportional to the square of the order param
and shows a Ne´el temperature of'275 K, consistent with
previous measurements.15 For all temperatures above 20
the scattering remains commensurate and resolution lim

On further cooling, however, we find an abrupt change
the copper scattering atTPr. The intensity of the~0.5,0.5,9!
reflection drops to approximately half its previous valu
with no change in the position or width, signaling that inte
sity has been lost from the commensurate component.
loss in intensity indicates an in-plane rotation of the Cu sp
due to coupling to the Pr magnetic ordering, as discus
previously by Boothroydet al.15 As the Pr ordering is now
known to be incommensurate for 9K,T,TPr,

12 it follows
that the component of the Cu spins coupled to the Pr sho
also be incommensurate, and from the proposed pseudod
lar symmetry of the Pr-Cu coupling27 the incommensurate
component of the Cu spins should be stacked ferromagn
cally along thec axis. The scattering from this compone

FIG. 2. Intensity of (0.5,0.5,l ) peaks for a number ofl values.
The solid line is the antiferromagnetically coupled bilayer magne
structure factor sin2(pzl), with z50.3. The dashed line is the ferro
magnetically coupled structure factor, cos2(pzl).
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should then follow the structure factor for a ferromagne
cally coupled bilayer, cos2(pzl), which peaks atl 510
~dashed line, Fig. 2!. We, therefore, performed scans in th
vicinity of the ~0.5,0.5,10! antiferromagnetic Bragg point
An h scan through~0.5,0.5,10! is shown in Fig. 4, togethe
with the same scan atl 59. A single commensurate peak
observed atl 59, whereas atl 510 additional incommensu
rate peaks are observed at (0.56d,0.5,10) with d'0.007
r.l.u. These measurements were made at the peak of th
K-edge resonance, and therefore reflect almost entirely
Cu magnetism.26

These results enable us to propose a model for
coupled Pr-Cu magnetic structure. Defining thex axis to be
the direction of the Cu spins aboveTPr, we find that the
simplest structure consistent with the observed scatterin
one in which the Pr moments rotate in thex-z plane with
wave vector 0.51d along eitherx ~in which case they form a
cycloid! or y ~a spiral!. The Cu spins then oscillate harmon
cally in the x-y plane about thex axis with the same wave
vector as the spiral. The Cu spins reach their maximum an

c FIG. 3. Temperature dependence of the commensurate Cu
tering at ~0.5,0.5,9!. The line is a fit to a power law in order to
estimate the ordering temperature. The reduction in intensity be
20 K is caused by the reorientation of the bilayer Cu spin struct
induced by the magnetic ordering of the Pr sublattice.

FIG. 4. h scans through (0.5,0.5,l ) points at T512 K: l 59
~open circles!, l 510 ~closed circles!. The l 59 data are offset ver-
tically for clarity.
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1254 PRB 61J. P. HILL et al.
to the x axis, f0, when the Pr moments point alongx. Al-
though we did not observe higher-order odd harmonics
cannot rule out the possibility of ‘‘bunching’’ of the modu
lation since the intensities are weak. This model is a refi
ment of that proposed in Ref. 15, and gives the same leve
agreement with the neutron intensities. In the new model
find, mCu50.5560.03mB , mPr50.660.05mB , and f0541
65°.

A schematic drawing of this structure is shown in Fig.
for the case in which the Pr moments form a cycloid pro
gating along thex direction. Note, as discussed above, t
commensurate component of the copper spins~thex compo-

FIG. 5. Schematic drawing of the low-temperature incomm
surate magnetic structure of PrBa2Cu3O61x (9 K,T,TPr518
K!. Only the bilayer Cu and Pr atoms are shown for simplicity. T
central Pr spins rotate in thex-z plane with a long period modula
tion. For illustrative purposes a modulation with a wavelength of
chemical unit cells is shown. In the real structure, the modula
wavelength is'150 unit cells. The Pr spin structure is described
an ordering wave vector (0.56d,0.5,0). The Cu spins form a
modulated antiferromagnetic structure which can be regarded
fan structure propagating along thex direction with adjacent Cu
spins in the sequence almost, but not quite, antiparallel to one
other. Neighboring Cu spins in they direction are exactly antipar
allel. In thez direction, thex components of neighboring spins a
antiparallel but they components are parallel. This arrangement
Cu spins is described by two different ordering wave vectors,
~0.5, 0.5, 0! associated with the underlying antiferromagnetic str
ture, and the other (0.56d,0.5,0) arising from the propagation of
twisting distortion in this antiferromagnetic structure along thex
direction.
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nent! is coupled antiferromagnetically between the two la
ers of the bilayer, and the incommensurate component~they
component! is ferromagnetically coupled within the bilaye

The significance of the work reported here lies in the f
that it demonstrates that the incommensurability is not a f
damental property of the Cu spin system~since it only ap-
pears belowTPr). This rules out the possibility that stati
spin-charge stripe ordering of the type described in Ref. 1
connected with the absence of superconductivity
PrBa2Cu3O61x . While the true origin of the incommensura
bility remains unclear, a more likely explanation is frustr
tion within the Pr-Pr and Pr-Cu couplings, the latter of whi
transmits the effect to the Cu sublattice ordering. A seco
possibility is that the incommensurate order in nonsuperc
ducting PrBa2Cu3O61x is a property of the chains, since th
observed incommensurate ordering vector (0.56d,0.5,0)
permits coupling of the Pr/Cu spin structure in the Cu2
layers to the Cu spins in the chains. In this context, it
interesting that incommensurate dynamic fluctuations h
been observed on the chain sites in YBa2Cu3O61x .28,29

However, we note that no magnetic ordering of the Cu sp
in the chains has been observed in our measurements to
though we cannot rule out a small Cu ordered moment be
the level of the current experimental sensitivity.

Finally, these studies illustrate the utility of x-ray ma
netic scattering in the study of Cu magnetism. The excell
reciprocal-space resolution enabled us to measure the inc
mensurate splitting which, because of the length of the
riod, would not have been resolved by neutron diffractio
and the ability to study the magnetic scattering from Cu
dependently of that from Pr via resonance effects was cru
in understanding the coupling between the two magn
sublattices. Thus these measurements point towards the
of x-ray magnetic scattering as a powerful, complement
technique to neutron scattering for the study of Cu mag
tism in many other interesting systems.

This work was supported by the U.S. Department of E
ergy, Division of Materials Science under Contract No. D
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